INTRODUCTION
The concept that a detrimental mutation in a particular gene results phenotypically in the absence of the activity encoded by that gene is a familiar one. Generally, lesions in a gene that produce temperature-sensitive (ts) or namely, defective interfering (DI) particles. Interference by DI particles has been described and reviewed quite thoroughly (25, 26, 38, 54) .
The purpose of this review is not only to bring together and analyze the information obtained with a wide variety of virus groups, but also to discuss possible mechanisms of this unique form of interference and to compare the dominance of conditionally defective mutants to interference by DI particles. In addition, it is hoped that this review will stimulate further exploration of a phenomenon that may prove useful in the understanding of viruses both in the laboratory and in nature.
INTERFERENCE BY ts AND AVIRULENT MUTANTS
The dominance of mutants derived spontaneously or by mutagenesis over the growth of wild-type virus has been documented for a wide variety of ribonucleic acid (RNA) and deoxyribonucleic acid (DNA) viruses. In most cases these mutants have a ts phenotype. Among the RNA viruses, this phenomenon has been reported for the rhabdovirus vesicular stomatitis virus (VSV) (23, 72, 74) , the togaviruses Semliki Forest (35) and Sindbis viruses (48) , the picornavirus poliovirus type 1 (12, 49) , foot-and-mouth disease virus (51) , and reovirus type 3 (11, 29) . In the case of DNA viruses, the dominance of ts mutants has been reported for herpes simplex virus (HSV) types 1 (30) and 2 (68) and for papovaviruses such as polyomavirus (19) and simian virus 40 (SV40) (46) . The phenotype of both ts and amber mutants of bacteriophage T4 has been shown to dominate in mixed infections witit wiid-type phage (5, 6, 62) . A brief summary of the literature is presented in Tables 1 and 2 .
In spite of the variations in the details of findings with these different systems, there are some general observations that can be made. In mnan.y instances, some gene expression by the mutant viral gene was required for interference with the growth of wild-type virus. Also, in most instances of interference by ts mutants, inhibition of growth of the wild-type virus in the mixed infection was observed only at the nonpermissive temperature. However, there were some exceptions; in the case of ts mutants of VSV (74) and SV40 (46) , interference also occurred at the permissive temperature. Although most interference was observed with ts mutants that had an RNA-or DNA-phenotype, this was not a consistent finding. For example, in the case of VSV, mutants belonging to all five complementation groups are able to interfere in mixed infections with wild-type virus (23, 72, 74) . Mutants representing complementation groups with both RNA-and RNA' phenotypes were able to interfere.
Picornaviruses
Two ts mutants of poliovirus, hd-5 and hd-19, were examined for their ability to complement one another. Although modest complementation did occur, the resulting yield consisted almost exclusively of the hd-19 mutant (12) . Further, this RNA-mutant was able to inhibit wild-type virus in mixed infections. The interference occurred after adsorption and uncoating but prior to the synthesis of infectious RNA. This conclusion was arrived at by varying the time of infection with the two viruses and by the failure of infectious wild-type virion RNA to bypass the interference (49) . The interference function was temperature sensitive and was not accompanied by any significant level of rescue of the ts mutant by the wild-type virus. The authors suggested two possible mechanisms by which hd-19 could block the growth of wild-type virus: by competing for a site in the cell essential for RNA synthesis, or by the contribution of defective protein to the replication complex of the wild-type virus.
An attenuated strain of foot-and-mouth disease virus, A24 Cruzeiro, was identified that had a normal pattern of growth in BHK cells but had a 4-log-lower plaquing efficiency and an RNA-phenotype in primary bovine kidney cells (50) . Mixed infections of bovine cells were carried out with wild-type and the attenuated virus, each at a multiplicity of infection (MOI) of 10; the cells were infected with the wild-type virus 45 min before the mutant was added. Under these conditions, the RNA-phenotype was dominant and a significant reduction of wild-type yield occurred. The interference was not due to interferon or DI particles and was inconsistent with a block at viral entry since the attenuated mutant was added to the cells 45 min after infection with wild-type virus. The authors proposed that the ability to interfere is a major factor in the reduced pathogenicity of the attenuated virus. Interference would prevent virulent wild-type revertants from overgrowing the mutant and causing disease.
Togaviruses
Complementation of ts mutants of Sindbis virus was examined in two permissive cell lines, BHK and Aedes albopictus cells (55) . Although the ts phenotype was expressed in both cell lines, the hamster and mosquito cells differed in their ability to support complementation among the ts viruses. In doubly infected BHK cells, efficient complementation occurred, although in A. albopictus cells no significant complementation was detected. In subsequent experiments, it was found that the ts mutants interfered with wild-type virus in the mosquito cells, and the authors concluded that the inability to detect complementation in mosquito cells was due to interference exhibited by these viruses.
Keranen (35) studied the mechanism of the dominance of a ts mutant of Semliki Forest virus. This mutant, which was classified as an RNA-mutant, synthesized <5% of the amount of viral RNA synthesized by the wild type at the nonpermissive temperature. In mixed infections of the ts mutant and wild-type viruses at 39°C, there was a 2-h delay in the production of infective virus, and the yield of wildtype virus was reduced to 15% of the yield from an infection with wild-type virus alone. At equal multiplicities (20 each) of ts mutant and wild-type viruses, viral RNA synthesis was reduced by >90%. Interestingly, reduction of wild-type RNA synthesis occurred when superinfection with the ts mutant was carried out as late as 4 h after infection with wild-type virus, excluding the possibility that the ts mutant prevented adsorption, penetration, or uncoating of the wildtype virus. However, gene expression by the ts mutant did not seem to be necessary for interference to occur. An ultraviolet (UV)-irradiated ts mutant which had lost almost 8 logs of infectivity was still able to interfere with the wildtype virus, and interference occurred even when superinfection with the mutant was carried out in the presence of protein synthesis inhibitors. Since the interfering activity of the ts mutant did not seem to require protein synthesis, Keranen concluded that the most likely candidate for the interference is a structural component of the ts mutant virion. Two possible mechanisms for the interference were suggested. First, the ts genome RNA could be modified so that the binding of the RNA polymerase (or a polymerase There is evidence in the literature which suggests that interference may be a common phenomenon when dealing with VSV mutants. For example, the low indices of complementation commonly seen with VSV (53) may be explained by interference produced by one or both of the mutants used. Inefficient complementation possibly due to interference was also reported by Schubert et al. (61) , who used a COS cell line which contained the VSV L gene cloned into an expression vector to rescue tsG114, an RNA-mutant with a defective L gene.
Paramyxoviruses
An avirulent strain of Newcastle disease virus (NDV), NP, which was unable to form plaques on primary chicken embryo cells, interfered with the growth of the standard virus in mixed infections (15) . The interference was intensified by using a higher MOI of the mutant and by increasing the time between infection with the mutaht and the wild-type virus. At an MOI of 10, the mutant inhibited the wild-type virus by >99%, arid a similar inhibition was observed at an MOI of 1 if the cells were infected with the mutant 1 h prior to infection with the wild-type virus. The interference activity copurified with the infective avirulent virions and was sensitive to UV irradiation.
The ability of a non-plaque-forming strain of NDV, Bi, to interfere with the plaque-forming NDV-L strain was established by Bratt and Rubin (8) (9) (10) . Similar to the findings of Durand (15) , the inhibition was dependent upon the relative MOI as well as on the time interval between infection with the avirulent and wild-type viruses. Prolonged UV irradiation of the mutant reduced the level of interference but did not destroy it completely. The UV-resistant interference, in contrast to the inhibition by the unirradiated virus, was less effective and decayed rapidly. In addition, the same level of interference could be observed with a virulent plaqueforming strain that had been similarly irradiated. It was proposed that the interference induced by the UV-irradiated NDV occurred primarily at the level of adsorption and penetration (8) .
Kimura et al. (36) described a ts small-plaque mutant of Sendai virus that produced no visible cell destruction even under permissive conditions and readily established a persistent infection. The mutant interfered effectively with wild-type virus but only if the infection with wild-type virus was delayed relative to that of the mutant. The inhibition of the wild-type virus required gene expression by the mutant, occurred under both permissive and nonpermissive conditions, and seemed to act at the level of attachment of the superinfecting wild-type virus.
In a very interesting study by Sugita (67) , an avirulent small plaque-forming strain of Sendai virus, RS, blocked the growth of a virulent large plaque-forming strain, RL. The interference by RS was multiplicity dependent and sensitive to UV irradiation, indicating that gene expression by the avirulent mutant was required. The UV target size for the interference by RS corresponded to the size of its plaque-forming ability. At an equal MOI of 10, maximum interference (>95%) was observed when the cells were simultaneously infected with mutant and wild-type viruses; however, >85% inhibition of RL virus was still detectable when cells were infected with RS 4 h after RL infection. When the time between the infections was increased further, the ability of RS to inhibit RL growth was reduced; by 8 h after RL infection, superinfection with RS virus had no effect. Cycloheximide treatment prolonged the period in which RL was susceptible to interference by RS, indicating that the accumulation of wild-type RNA transcripts was not sufficient to rescue the wild-type virus from inhibition by the RS virus.
Orthomyxoviruses
Although examples of homologous interference involving ts or attenuated mutants of orthomyxoviruses are not available, there are some pertinent instances of interference in this group which are interesting and illustrative. When interference between influenza A and B viruses was studied (34), a pattern of differential inhibition of messenger RNA (mRNA) synthesis was seen. In this instance the rates of synthesis of the HA and NP mRNAs as well as the encoded proteins of both viruses were reduced throughout infection. These findings suggest that interference between influenza A and B viruses may occur through a competitive inhibition of mRNA synthesis.
Another example of the interference phenomenon with influenza viruses involved mixed infections of swine influenza virus and fowl plague virus, both influenza A viruses (57) . When primary chicken embryo cells were simultaneously infected with these viruses, only the fowl plague virus grew to normal yield; the growth of the swine virus was severely depressed. The interference appeared to be at the level of RNA synthesis since a significant inhibition of swine virus RNA synthesis was seen in mixed infections. In addition, interference was dependent upon gene expression since UV-inactivated fowl plague virus did not interfere with the growth of swine influenza virus. It is interesting that when mixed infections were carried out at 410C with ts mutants of fowl plague virus, only RNA' mutants were able to interfere with the growth of the swine virus; RNAmutants were unable to interfere.
The interference phenomenon also had implications for recombination between these two viruses. High multiplicities of fowl plague virus inhibited efficient recombination. Recombinants between the two viruses could be obtained only when simultaneous infections were done with a low MOI of fowl plague virus or when the cells were superinfected with fowl plague virus 1 to 2 h after infection with swine virus.
Reoviruses
Interference experiments were carried out with mutants of reovirus type 3 unable to grow at 37°C. These mutants were blocked in the synthesis of viral proteins at late times after infection (29) . However, at the time when protein synthesis had stopped, viral mRNA could still be found in association with polysomes and monosomes. Double infections were performed with wild-type and mutant viruses, and at 11 h after infection the cells were labeled with [3H]uridine or 14C-amino acids. Wild-type levels of viral mRNA were detected in the mixed infections, and this RNA cosedimented with the polysomes in sucrose gradients. However, the level of newly synthesized proteins was reduced by 85%, similar to the level detected for the single infection with the mutant alone. These findings indicate that the mutant-induced inhibition of protein synthesis was dominant. The authors suggested that the factors produced by the wild-type virus which support ongoing protein synthesis may have a short half-life or, alternatively, may have been replaced by defective factors synthesized by the ts mutant.
A later report also documented that the interference by ts mutants of reovirus type 3 with wild-type growth was correlated with the failure of the mutants to show positive complementation or efficient reassortment in mixed infections (11). Interestingly, it was the RNA' mutants (tsA, tsB, and tsG) that demonstrated interference, while two RNAmutants of reovirus (tsD and tsE) did not interfere with wild-type virus and showed efficient complementation. At the permissive temperature, the interfering mutants did not inhibit wild-type virus growth and produced normal rates of reassortment.
Another example of a nondefective mutant which interferes with wild-type growth is found in the rotaviruses. Serial high-multiplicity passages of bovine rotavirus resulted in the production of a virus that contained genome rearrangements in segment 5 (27) . These altered viruses were able to grow independently and to produce yields equivalent to the wild-type virus. When serially passed in mixed infections with the standard virus at high dilutions (lo-3), the wild-type virus overgrew the mutant virus. However, serial passages of mixtures of both viruses at low dilution (i.e., high MOI) resulted in yields that were composed predominantly of the mutant virus. After further passages under these conditions, the wild-type virus was no longer detectable. The authors proposed that the rotavirus mutants with genome rearrangements can be considered non-DI particles since they were not dependent upon a helper wild-type virus for growth. No mechanism was proposed to explain the dominance of the mutant virus.
Birnaviruses Serial undiluted passages of infectious bursal disease virus in primary chicken embryo cells generated a small-plaque virus which interfered with the standard virus in mixed infections (44) . The small-plaque virus had a low yield, was avirulent for chickens, and generated a large number of low-density defective particles which contained unprocessed structural proteins. At an equal multiplicity, wild-type virus yield was reduced 78% by coinfection with the small-plaque mutant which had been purified away from the defective particles. In addition, the low-density defective particles, which either did not contain any RNA or were missing one of the segments of the RNA genome, were also able to interfere with the wild-type virus. In the case of another papovavirus, two ts mutants of SV40, one from the early region and the other from the late region, were able to interfere with wild-type virus in mixed infections (46) . In addition, coinfection of these mutants with the wild-type virus prolonged the survival of infected CV-1 monkey cells and thus promoted the establishment of a persistent infection. The early mutant, tsA58, interfered at both the permissive and nonpermissive temperatures, while the late mutant, tsBll (mapping in a structural gene, VP1), interfered only at the nonpermissive temperature. UV irradiation destroyed the ability of the mutants to interfere, suggesting that the interference required expression of the mutant genomes. Mixed infections at varying ratios of mutant and wild-type viruses indicated that there was a competition between the wild-type and mutant viruses for some limiting factor. Whether this factor is of host cell or viral origin is not known.
Herpesviruses
The interactions of mutants of HSV-1 were studied in a dog kidney cell line (56) . Dog kidney cells are nonpermissive for a host range mutant (MPdK-) and permissive for a multistep revertant line (MPdK'sp). In mixed infections of dog kidney cells with both viruses, MPdK'sp was able partially to rescue MPdK-; however, the yield of the helper virus was markedly reduced (56) . In considering the mechanism of both rescue and interference, several hypotheses were suggested, including the following: a competition between the two viruses for host factors, a competition for functional viral proteins, or the formation of mixed aggregates of mutant and normal viral proteins which have reduced activity. After examining the relationship of rescue and interference at different temperatures and after simultaneous and staggered times of infection, it was concluded that conditions favoring interference do not favor rescue. This conclusion is not consistent with the hypotheses based on competition between the restricted and nonrestricted viruses. Therefore, the results were in accord with the suggestion that the interference observed was due to the interaction of defective and nondefective peptides of the two viruses which produced complexes with reduced activity.
In another study, two mutants of HSV-2 with either a ts or a host range phenotype were able to suppress wild-type yields in mixed infections performed at the nonpermissive temperature (68) . Mutant 69, which produced a large number of morphologically normal particles of reduced infectivity, inhibited wild-type yields by 80% when cells were infected at an equal MOI of 2 with mutant 69 and wild-type HSV-2. The interference was observed only when the mixed infection was carried out at the nonpermissive temperature. Jofre et al. (30) carried out an unusually thorough study of a ts mutant of HSV-1, tsP23. This mutant inhibited the growth of wild-type virus in mixed infections at the nonpermissive temperature. In addition, in mixed infections with equal MOIs of wild-type virus and ts mutants representing 12 additional complementation groups of HSV-1, six of the mutants exhibited some degree of interference with wild-type growth, though none as severe as that measured with tsP23. When mixed infections were performed at increased ratios of mutant virus to wild-type virus, all 12 of the ts mutants demonstrated interference. None of the ts mutants produced interference when the mixed infections were carried out at the permissive temperature.
The phenotype of tsP23 indicated that it contained a mutation in a delayed early gene encoding a trans-acting factor essential for viral DNA synthesis. The interference was specific for herpesviruses and could be observed in both human embryo lung and Vero cells. When tsP23 was added to cells at hourly intervals following infection with the wild-type virus, the interference declined linearly and was barely detectable by 8 h after infection with wild-type virus. Temperature shift experiments suggested that the altered product of tsP23 acted at some time between 3 and 5 h after infection. Biochemical characterization of the tsP23 block of wild-type growth suggested that interference occurred at or before DNA synthesis and at a time when only immediate early and certain delayed early proteins had been synthesized. Coinfection with tsP23 and wild-type virus prevented the effective switch off of immediate early and delayed early genes. The authors proposed that interference by tsP23 may result from the incorporation of the ts gene product into a multimeric protein whose function was then compromised. As an alternative, but less likely, explanation, tsP23-mediated interference could result from a cis-acting element on the mutant DNA genome which could immobilize a wildtype viral gene product. It was also speculated that tsP23 may act at the level of transcription, thereby preventing the switch off of certain early genes.
INTERFERENCE BY VIRUSES ASSOCIATED WITH
PERSISTENT INFECTIONS There are many examples of the dominance of ts or other mutants isolated from persistent infections over the growth of wild-type virus. Depression of wild-type viral yields in coinfection has been reported with a rhabdovirus, VSV (63, 74) ; with an orthomyxovirus, influenza type A (22); with paramyxoviruses such as measles (31), Sendai (32, 60, 70) , and NDV (52); with a togavirus, Sindbis virus (28, 37, 48, 64) ; with a bunyavirus, Bunyamwera (16); with reovirus type 3 (2); and with a papovavirus, SV40 (45, 46) . In some instances, interference by ts mutants was seen when the mixed infection was carried out at both permissive and nonpermissive temperatures (31, 52, 74) . Gene expression by the dominant ts virus was required for the interference phenomenon, since UV irradiation destroyed infectivity and interfering capacity at about the same rate (37, 60, 70) . A brief summary of these findings is given in Tables 1 and 2 .
Mutant viruses derived from persistent infections are of particular interest. Since it is almost tautological to say that viruses isolated from persistent infections have a reduced ability to kill infected cells, it is not surprising that the viruses derived from chronic infections have been found in several instances to be deficient in host shutoff functions. Also, since these viruses have managed to overgrow the wild type during the evolution of the persistent infection, it might be predicted that viruses isolated from persistent infections would dominate the parental virus in mixed acute infections (73, 74 (28) , and the UV target size of the interference function was equal to the target size of infectivity (37) .
In a similar study by the same group, a small-plaque ts Sindbis virus mutant with an RNA' phenotype was isolated from a persistent infection of A. aegypti cells (64) . After plaque purification, this mutant interfered with wild-type virus in mixed infections at both permissive and nonpermissive temperatures (48, 64) . At an equal MOI of 1, simultaneous coinfection of the small-plaque virus reduced the yield of wild type by about 3 logs. In addition, interference with wild-type growth could be demonstrated even when the cells were infected with the mutant several hours after the wildtype virus or when the mutant inoculum was diluted to a multiplicity of 10-4.
Rhabdoviruses A clonal isolate of VSV from a persistent infection of mouse L cells interfered with the standard virus in mixed infections (74) . A similar finding has been reported for a VSV mutant isolated from a persistent infection of BHK cells (63) .
Another mutant of VSV isolated from a persistent infection of L cells has an altered pattern of gene expression when examined during acute infection. Compared with the wildtype parental virus, this ts mutant displayed reduced expression of viral mRNA but produced increased levels of viral genome RNA and viral proteins. In addition, this virus was defective in its ability to shut off host protein synthesis even at the temperature permissive for the growth of this mutant (21) . In mixed infections with the wild-type virus, the yield of wild-type virus was not significantly affected; however, the pattern of gene expression in the mixed infection was the same as that observed with the mutant virus alone.
A surprising finding for this mixed infection was that the mutant interfered with the ability of the wild-type virus to shut off host protein synthesis (J. A. Jordan and J. S. Youngner, Virology, in press). This suggested that the mutant virus is not just missing the factor responsible for protein synthesis inhibition but has a dominant activity which works in trans to interfere with the shutoff function of the wild-type virus. It is important to emphasize that this interference occurred under conditions that were permissive for growth of the wild-type virus. The UV target size of this interference function was equal to that of the viral genome, suggesting that either viral replication or the expression of the last gene on the viral genome (encoding the L protein of VSV) was required. At present it is not known if the dominance over wild type of the RNA synthesis phenotype of the mutant as well as the dominance of the reduced ability of the mutant to shut off host protein synthesis are due to the same or different functions.
Paramyxoviruses
Mutants of NDV isolated from a persistent infection of L cells were temperature sensitive and RNA- (52) . Complementation analysis of these mutants was unsuccessful, and this failure was attributed to interference since in double infections of wild type and the mutants, wild-type virus yield was inhibited as much as 94% (52) . Interestingly, in most cases, double infection also resulted in a decreased yield of the mutant. The interference was detected at both permissive and nonpermissive temperatures but was more dramatic at the higher temperature.
Two ts mutants of measles virus isolated from a persistent infection of human B lymphoblastoid cells interfered with parental virus growth at the nonpermissive temperature and to a lesser degree at the permissive temperature (31) . The authors concurred with the speculation that interference represents a mechanism for maintaining a persistent infection by excluding the replication of wild-type revertants.
In an effort to determine the mechanism by which ts mutants were maintained in a persistent infection of BHK cells with Sendai virus, individual ts mutants isolated from this persistence were used in mixed infections with the wild-type virus (60) . The mutants and the wild-type virus could be distinguished from one another by their ts phenotype, protease dependence for plaque formation, and differences in the apparent molecular weights of the P and M proteins as determined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. In mixed infections of the standard virus, HVJ, and the mutant, HVJ c1.14, there was a marked reduction in cell killing, similar to what was seen in cells infected with the mutant alone. The proteins synthesized during the mixed infection were predominantly those of the mutant when mixed infections were incubated at either the permissive or the nonpermissive temperature. When the virus yields of the mixed infections were analyzed, it was found that at the permissive temperature the yields of mutant virus were as much as 80-fold greater than the yields of wild-type virus. However, at the nonpermissive temperature, the yields of the two viruses were similar, indicating a significant rescue of the ts mutant (900-to 1,300-fold). Interestingly, net virus production at both 32 and 39°C was not altered in mixed infections compared with infection by the wild-type virus alone. One possible mechanism suggested by the authors to explain these results was a competition between the two viruses for replication sites inside the cell.
In another study of Sendai virus, it was found that virus isolated from a 10-year persistent infection of BHK cells had a ts phenotype, low cytopathogenicity, and an ability to interfere with wild-type virus (70) . The interference was evident even at an MOI of the ts mutant one-third that of the wild-type virus and even when the mutant was added 2 h after infection with wild type. This mutant virus readily established persistent infection in a line of monkey kidney cells (LLCMK2) which were rendered resistant to superinfection with the standard virus. The authors concluded that the interfering phenotype may be important in the maintenance of the persistent infection.
Consistent with this conclusion were the data from another study in which a group of 11 ts mutants of Sendai virus were tested for their ability to initiate a persistent infection in Vero cells at 37°C. Of this group, only one mutant, ts23, which contains a defect in RNA polymerase function, was successful (32) . Cells infected with ts 23 showed no cytopathic effect, unlike the cell killing produced by the other mutants or the wild-type virus. This lack of cell destruction by ts23 was seen despite the fact that 37°C is a permissive temperature for this mutant. It is also of interest to note that, at 31°C, infection of Vero cells with ts23 resulted in severe cytopathology, although the virus yield was similar to that detected at 37°C. In mixed infections of ts23 with the other mutants or with the wild-type virus, the reduced cytopathology phenotype of ts23 was dominant. Neither interferon nor DI particles were associated with the persistent infection produced by ts23. It was suggested that the evolution of viruses with phenotypes similar to that of ts23 may be involved in the establishment and maintenance of persistent infections.
Orthomyxoviruses
Virus recovered from a persistent infection of BHK cells with the WSN strain of influenza A virus (WSNpj) showed a number of phenotypic changes (22) . Among these were a marked decrease in plaque size, poor ability to produce infectious virus in BHK as well as other cell lines, and an unusual pattern of protein synthesis. The NP protein was the predominant protein synthesized, while the synthesis of M protein was much reduced relative to its synthesis in cells infected with parental WSN virus. The HA, NS1, and NS2 proteins were made in amounts difficult to detect; however, a virus-specific protein which migrated faster than NS2 was observed. Reoviruses A persistent infection of L cells with reovirus was established with a ts mutant stock containing DI particles (2) . Within a short time the virus isolated from this persistent infection was no longer temperature sensitive. By backcrossing with the wild-type virus, it was determined that the original ts mutation had reverted; however, the virus from the persistent infection contained additional ts lesions which were hidden by extragenic suppression. Viruses expressing these genetic defects were able to interfere with the wildtype virus in mixed infections, and the authors suggested that viruses with these lesions may play a role in regulating viral growth and cell survival in persistent infection.
Bunyaviruses
Elliott and Wilkie (16) established a persistent infection with Bunyamwera virus in a line of A. albopictus cells. The virus released from this line produced small plaques and was restricted in replication at 37 and 39.5°C in BHK cells. The ts virus from persistence interfered with the growth of wild-type Bunyamwera virus in both mosquito and BHK cells, although less well in BHK cells; the interference was more marked as the relative amount of the ts virus was increased. This interference was very specific since the ts virus did not interfere with the growth of other bunyaviruses or with VSV in either cell line. Several interesting properties of the ts virus were demonstrated. The ts virus had a slower migrating nucleocapsid protein on polyacrylamide gels and the major virion RNA species was the S segment, which codes for the nucleoprotein N as well as for a nonstructural protein (NSs); the L and M segments were barely detectable.
It was suggested that the altered N protein may be the crucial factor in the interference by its interaction with the wild-type RNA template or with the virion transcriptase.
It is interesting that Kascsak and Lyons (33) reported that serial high-multiplicity passages of Bunyamwera virus in BHK cells also resulted in the appearance of virus which contained what seemed to be only S-segment virion RNA. This virus also interfered with the growth of standard Bunyamwera virus, but in a host-dependent manner. Interference was high in BHK cells, but greatly reduced in A. albopictus cells, the inverse of what was seen with the virus Elliott and Wilkie (16) recovered from persistent infection of A. albopictus cells. These findings suggest that host factors may be involved in the mechanism of interference. It is not clear what the exact mechanism of interference is, but the evidence cited seems to implicate the S-RNA segment or its gene product. The failure of the virus from persistence to interfere in mixed infections with heterologous bunyaviruses is n6t understood; one explanation could be that the virus transcriptase of the ts virus has a higher affinity for its homologous template than for heterologous RNA.
Papovaviruses
In persistent infections with SV40, it has been suggested that the virus variants which evolve may have more than one possible avenue by which to interfere with wild-type parental virus (47) . First, mutants may arise which have a replication advantage over the wild-type virus through amplification of the cis-acting sequence required for DNA replication. This type of interference may have caused the block of wild-type virus growth in CV-1 cells when the cells were doubly infected with mutant SV40 isolated from a persistent infection and wild-type SV40 (45) . Second, the variant virus may compete with the wild type for some limiting host factors; since competition may occur at many possible points in the growth cycle, this may result in a striking inhibition of wild-type virus. This type of competition was observed with two mutants that interfered with wild-type SV40 and promoted the establishment of persistent infection in CV-1 cells (46) .
INTERFEkENCE AND CROSS-PROTECTION BY
PLANT VIRUSES For many years it has been recognized that plants infected with one strain of virus are resistant to infection with a related virus strain. Since plants are, as far as is known, without generalized or specific antiviral mechanisms analogous to those in animals, such as the interferon system or the immune system, it has been suggested that in some of these cases interference between viruses is responsible for the protection. For example, in one review it was speculated that the cross-protection observed was due to the viral replicase which caused the interference by binding to the challenge virus genome "irreversibly but ineffectively" (24) . This inhibition may be similar to the "intrinsic interference" observed with the anitnal viruses rubella and NDV by Marcus and co-workers (39, 41) . Examples of antagonism between serologically related viruses include the interference between different strains of potato virus X (42) and between potato virus Y and the related tobacco etch virus (3) . Similarly, mild strains of tomato mosaic virus were used for controlling a more virulent strain (7) , and prior infection with a cucumber mosaic virus strain causing mild symptoms prevented or retarded the pathological state in tomato, squash, or tobacco subsequently infected with a more severe strain of cucumber mosaic virus (14) .
Sanford and Johnston (59) have suggested a theoretical strategy for genetically engineering resistance to parasites (viral and others) which is based on cross-protection. This strategy involves the production of transgenic hosts containing a regulatory gene derived from the parasite itself. This theory proposes that the presence of an essential product of the parasite produced in an altered form, in excess, or at an inappropriate time could effectively block the life cycle of the parasite with little or no effect on the host (59 25, 38, and 54) . On the basis of extensive studies with VSV, strong evidence has accumulated showing that in this system the mechanism by which DI genomes interfere with the wild-type virus is by successfully competing with the intact viral genome for the available polymerase complex or the nucleocapsid protein (38) . Another type of interfering particle has been proposed for DNA viruses such as herpesvirus (66) and SV40 (46) . In this case, particles that are generated have genomes containing tandem repeats of certain crucial regions of the viral genomne required for replication.
In most instances, the mechanism of interference by conditionally defective mutants is still a matter for speculation. However, it seems unlikely that the increased attractiveness of the defective genome for the viral replication machinery is the explanation for most of the specific viruses cited in this review. For example, such a mechanism would be inconsistent with ts mutant-induced interference, which occurs only at the nonpermissive temperature. It is important to note that there is no evidence that temperature of incubation affects the ability of DI particles to interfere. A crucial difference between the two types of interfering particles is that most DI particles can interfere in the absence of gene expression, whereas the majority of conditionally defective particles cannot. In addition, interference by conditionally defective viruses is not expressed in an all-or-none manner (46) . This all-or-none action has been demonstrated for interference caused by DI particles in the VSV system by Marcus and Sekellick (40) . Lastly, in many cases the findings indicate that interference by ts or other conditionally defective mutants is produced by a negative trans-acting factor, whereas DI particle interference (such as in the case of VSV) is due to a positive cis-acting factor. It should be added that standard and DI virus particles also share certain properties. Both can be generated by serial undiluted passages or persistent infection, and in some instances conditionally defective mutants as well as DI particles can be rescued and amplified by coinfection with wild-type virus.
SPECULATIONS ON THE MECHANISMS OF
INTERFERENCE There is almost a complete absence of direct biochemical data dealing with the mechanism of interference. Most of the studies reviewed have ended on a note of speculation based on observations of reductions in virus yield, genome replication, or viral gene expression. However, some recurrent themes of possible mechanisms have become apparent in the review of this literature and can be summarized here.
The "Rotten Apple" Hypothesis The most common speculation to explain the mechanism of interference by a mutant virus is that a defective polypeptide enters into a multimeric protein complex and thereby inactivates all components of that complex. The formation of such hybrid structures has been shown to occur in the case of bacteriophage T4 and VSV (5, 13) . Two predictions might be made about systems in which interference occurs by this mechanism. First, the interference would require gene expression by the mutant and, second, under different conditions of MOI, temperature, host cell, etc., the yield of wild-type virus and the amount of rescue (of the mutant) should covary (56) . An example of interference that is likely to work by this mechanism is that of the tsG41 mutant of VSV (72) . This mutant encodes a ts lesion in the N or nucleocapsid protein of VSV. In mixed infections with wild-type virus and tsG41, the pool of N protein in the cell would consist of both normal and defective N polypeptides. If the defective product were to participate in the polymerization of N on the viral RNA, the outcome might be a premature termination of assembly or, alternatively, defective nucleocapsids. This process would effectively incapacitate both the RNA molecule and all normal N protein in the complex. If this mechanism were operating, one might predict that relatively small amounts of the defective polypeptide would cause significant levels of interference. This is consistent with the observation that the UV target size for the interference function of tsG41 is equal to the size of the N gene, indicating that the translation products of primary transcription may be sufficient to cause interference. Dominance of this type has been reported for systems other than viruses. For example, certain mutations in the adenylosuccinase locus in Aspergillus nidulans are dominant over the wild-type allele (20) . However, this type of dominance seems to be a more common finding with viruses, possibly because such a large proportion of viral gene products function as part of multimeric complexes.
Direct Competition Hypothesis
Another possible mechanism for interference between two viruses during double infection is the competition of the viruses for some limiting factor or site of either host or viral origin. This mechanism may not necessarily directly involve a specific viral defect. It is easy to envision a situation in which one virus has the advantage of a higher binding affinity for such a site or factor, thereby outcompeting the other virus in a mixed infection. One prediction of this model is that, as the degree of interference with the wild-type increases, the amount of rescue observed for the mutant should also increase since the total yield of virus is dependent on the limiting factor. Such a situation has been observed with double infections of Sendai virus and a mutant of Sendai virus isolated from a persistent infection (60) in which the net yield of virus is unchanged by interference with wild-type virus growth by the ts mutant.
The "Road Block" Hypothesis Similar to the direct competition model, another mechanism can be proposed in which the wild type and a conditionally defective mutant are in competition for a specific site or factor, but in this model it is proposed that the defective function of the mutant irreversibly sequesters the pool of that factor or site. For example, in the case of interference with wild-type virus by the VSV tsGll mutant (which contains a lesion in the RNA polymerase protein [74] ), a defective polymerase may preferentially bind to RNA synthesis initiation sites on the wild-type genome and prevent access by the functional enzyme. Another example of dominance of this type can be found in bacteria. In E. coli certain mutations in the product of the lacI gene (the repressor of the lac operon) are dominant over the wild-type allele (4).
The "All Things in Moderation" Hypothesis Another possible mechanism concerns gene dosage. In an impressive study of T4 mutants, Snustad (62) observed that the interference detected in double infections of wild-type bacteriophage and a variety of amber mutants was gene specific; i.e., amber mutations in the beginning or end of a specific gene demonstrated the same degree of interference. Since it was unlikely that these very different sized amber fragments could behave identically and induce the same degree of interference, the author suggested that an imbalance in the relative amounts of structural proteins led to the improper assembly of phage particles.
The "Attractive Genome" Hypothesis Interference by conditionally defective mutants could easily result from a mechanism similar to that which has been proposed for DI particles, namely, that the mutant genome may possess binding sites for the viral replication machinery that are more attractive or in greater abundance than those of the wild-type virus (46) .
CONCLUDING REMARKS General Significance of Interference
In addition to being intrinsically interesting, studies on the mechanisms of interference may give some important insights into the details of virus replication. The results of these investigations may reveal the nature of host factors involved in the competition between viruses and provide an understanding of the interaction between virus products or components and their relation to interference.
That interference by defective gene products has also been observed in bacteria (4) and in higher organisms (20) indi-cates the general occurrence of this phenomenon in nature. Such interference might be a factor to consider in genetic studies with eucaryotic cells.
Interference as a Complication in Genetic Analysis
Interference may explain some of the difficulties encountered in demonstrating significant complementation or reassortment. Failure to obtain complementation due to interference has been reported for polyomavirus (19) , HSV-1 (30) , and reovirus type 3 (11) . Interference played a role in the lack of significant reassortment of certain mutants of reovirus type 3 (11, 18) and influenza A viruses (57) .
In the case of ts mutants of the rhabdovirus VSV, interference may account for the finding that complementation never exceeded 1% when measured as the ratio of the yield from mixedly infected cells at the restrictive temperature/ yield obtained at the permissive temperature (53) . Maximum complementation indices were obtained only when a low MOI was used. In several cases it has been reported that positive complementation can be obtained with dominant mutants only if the ratio of input virus is adjusted so that the noncomplementing mutant represents a small proportion of the inoculum (19, 30, 62) . For these reasons, the role of interference should be considered when interpreting the data of genetic interactions such as complementation or reassortment which yield negative or equivocal results.
Interference in Persistent Infections
From the evidence cited in this review it is clear that, during the course of persistent infections established in cell culture models with a wide variety of RNA and DNA viruses, there is a pattern of replacement of the parental population with mutants which may be temperature sensitive or of reduced virulence. Furthermore, it is quite consistently observed that the mutants selected are able to interfere with the growth of the parental wild-type virus used to initiate the persistence (73) . This replicative advantage, at least in part, may offer an explanation for the consistent failure of wildtype revertants to replace the mutants once persistence is established. At the present time there is little evidence that the mechanisms involved in model systems in the laboratory have application to chronic infections in the intact animal. However, future clinical studies will have to take into account what has been learned from cell culture systems.
Interference as a Factor in Vaccination with Live Viruses It is well known that live poliovirus vaccines exert their protective effects against wild strains of poliovirus by inducing in the intestinal tract a state of resistance to implantation of the wild virus and later by stimulating antibody production (58) . Local infection with attenuated poliovirus may produce intestinal resistance to reinfection by a mechanism involving interference. Although direct evidence of interference by vaccine strains is not available, there are observations, albeit indirect, which favor a mechanism of interference in the intestinal tract. This evidence is derived from field trials in which large-scale immunization campaigns led to the inhibition and displacement by the poliovirus vaccine of antigenically unrelated strains of wild enteroviruses (69) . Conversely, interference with oral poliovirus vaccine by other enteroviruses has been well documented and is manifested by the reduction of the excretion of the vaccine virus and failure of the vaccine to produce significant levels of antibody (69) . In light of recent studies of the molecular evolution of the vaccine strains of type 3 poliovirus, the role of homologous interference may be of great importance to the effectiveness and innocuousness of the immunization process. Evans et al. (17) and Minor et al. (43) studied the molecular evolution of the Sabin strain of poliovirus type 3 in a 4-month-old vaccinated child throughout the entire period of virus excretion. It was found that the vaccinee excreted a type 3 virus of unacceptable neurovirulence for monkeys within 48 h of vaccination. This increased neurovirulence was attributed to a single base change in the genome at nucleotide 472 from the 5' terminus. The same change was observed in other vaccinees on the same time scale. These findings imply that the type 3 vaccine strain is surprisingly unstable genetically and phenotypically. In addition, novel strains of poliovirus were identified during the early period of excretion which appeared to be generated by recombination between type 2 and 3 strains (43) . Since recombination would occur only when a single cell is infected by both serotypes, it can be assumed that a high MOI occurs in the human gut. Under these conditions of high multiplicity, it is possible that interference of the attenuated vaccine strain with the more neurovirulent revertants which rapidly appear may play a key role in the vaccination process. The interference phenomenon in the intestinal tract may be an important factor in inhibiting the growth of the wild-type revertants during the early stages of intestinal infection before significant antibody titers are achieved. Although the ability to interfere with wild-type viruses is a desirable trait for any live, attenuated vaccine strain, there is no evidence at present concerning the applicability of a role for interference in other live virus vaccines for diseases such as measles, mumps, and rubella. LITERATURE CITED
